The native envelope gene (env) of Jaagsiekte sheep retrovirus (JSRV) also acts as an oncogene. To investigate the mechanism of transformation, we performed yeast 2-hybrid screening for cellular proteins that interact with Env. Among several candidates, we identified mouse or rat zinc finger protein 111 (zfp111). The interaction between Env and Zfp111 was confirmed through in vivo coimmunoprecipitation assays. Knockdown of endogenous Zfp111 caused a decrease in cell transformation by JSRV Env, while overexpression of Zfp111 increased overall Env transformation, supporting a role for Zfp111 in Env transformation. Knockdown of Zfp111 had no effect on the growth rate of parental rat 208F cells, while it decreased the proliferation rate of JSRV-transformed 208F cells, suggesting that JSRV-transformed cells became dependent on Zfp111. In addition, Zfp111 preferentially bound to a higher-mobility form of JSRV Env that has not been described previously. The higher-mobility form of Env (P70 env ) was found exclusively in the nuclear fraction, and size of its polypeptide backbone was the same as that of the cytoplasmic Env polyprotein (Pr80 env ). The differences in glycosylation between the two versions of Env were characterized. These results identify a novel cellular protein, Zfp111, that binds to the JSRV Env protein, and this binding plays a role in Env transformation. These results indicate that JSRV transformation also involves proteins and interactions in the nucleus.
J
aagsiekte sheep retrovirus (JSRV) is a betaretrovirus that causes ovine pulmonary adenocarcinoma (OPA), a contagious lung cancer in sheep that reflects malignant transformation of lung secretory epithelial cells (1, 2) . OPA is morphologically similar to human lepidic adenocarcinoma, formerly known as bronchioloalveolar carcinoma (more recently designated adenocarcinoma in situ [AIS]) (3), a type of lung cancer that is less associated with cigarette smoke, and it is a good model for this type of human lung cancer (4) (5) (6) .
JSRV is a simple retrovirus that contains the standard retroviral genes gag, pro, pol, and env (7) . While JSRV does not carry a transduced cellular oncogene, in experimental inoculation of lambs, it induces tumors rapidly (as early as 10 days), similar to acute transforming retroviruses that carry viral oncogenes (8, 9) . Interestingly, the JSRV envelope protein (Env) also functions as an oncogene in that the expression of JSRV Env alone can transform NIH 3T3 mouse (10), 208F rat (11) , and DF-1 chicken (12) fibroblasts and MDCK canine epithelial cells (13) and can induce lung cancer in mice (14, 15) and sheep (16) . Thus, JSRV Env has the rare feature of acting as both the envelope protein for the virus as well as an oncogene for cell transformation. This feature is shared only by a closely related retrovirus, enzootic nasal tumor virus (ENTV), which causes epithelial tumors in the nasal passages of infected animals (17) and expresses an Env protein that alone can transform NIH 3T3 mouse and 208F rat fibroblasts (18, 19) . JSRV Env is initially translated from spliced viral mRNA into a polyprotein that is a type I transmembrane protein of ϳ615 amino acids (2, 7, 20) . The Env polyprotein is cleaved by cellular furin protease into the surface (SU) and transmembrane (TM) proteins. The SU protein is responsible for receptor binding, and TM is responsible for the fusion of viral and cellular membranes upon infection. TM contains a 45-amino-acid cytoplasmic tail (CT) region that extends into the cytoplasm of the cell. The CT of Env contains the sequence YRNM, a putative binding site for the regulatory subunit (p85) of phosphatidylinositol 3-kinase (PI3K) if the tyrosine residue is phosphorylated (21) . Mutations in the YRNM tyrosine residue (Y590F or Y590D) inhibited Env transformation in NIH 3T3 mouse and 208F rat fibroblasts (22) (23) (24) and tumorigenesis in sheep (25) . However, tyrosine phosphorylation has not been detected in TM in JSRV80-transformed cells (24) , pulldown experiments have not demonstrated a direct interaction between JSRV Env and PI3K (26) , and inactivating mutations in the YRNM tyrosine residue did not affect the transformation of DF-1 chicken cells (12) . Nevertheless, a downstream substrate of PI3K, Akt, is constitutively phosphorylated in JSRV-transformed cells, and PI3K inhibitors revert JSRV-transformed cells back toward the nontransformed phenotype (24, 27, 28) . Thus, the CT of TM (and the YRNM motif in particular) is necessary for JSRV transformation, although this may not result directly from binding of PI3K.
The signaling pathways activated by JSRV Env transformation have also been studied. Both the PI3K-Akt-mTOR and Ras-MEK-mitogen-activated protein kinase (MAPK) pathways appear to be important for JSRV transformation, as indicated by the inhibition of transformation by inhibitors of different enzymes in these pathways (22, 24, 27, 29) . However, an inhibitor of PI3K-Akt-mTOR signaling, rapamycin, indicated that the relative importance of these pathways for JSRV transformation differs among different cell lines. So far, none of the proteins/enzymes in these signaling pathways have been found to directly interact with JSRV Env. Thus, it will be important to identify cellular proteins that interact with JSRV Env and activate these downstream signaling pathways.
In the experiments described here, a yeast 2-hybrid screen was performed by using both full-length JSRV Env and only the cytoplasmic tail (CT) of JSRV Env as baits to identify candidate cDNAs of cellular proteins that interact with JSRV Env. One candidate protein identified was a mouse zinc finger protein of the Krüppel family, zinc finger protein 111 (Zfp111). Validation of Zfp111 as an Env binding protein involved in transformation is described in this report. In addition, Zfp111 was found to interact with a novel nuclear form of JSRV Env, P70
env . Characterization of P70 env , including its glycosylation, is also reported here.
MATERIALS AND METHODS
Cell lines. Human embryonic kidney HEK 293T (ATCC CRL-3216) and rat fibroblast 208F (30) cells were grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, penicillin (100 U/ml), and streptomycin (100 g/ml).
Plasmid constructs. The JSRV Env expression plasmid (⌬GP) and the FLAG-tagged version were previously described (10, 31) . The v-mos expression plasmid was previously described (32) .
The hemagglutinin (HA)-tagged mouse zfp111 expression vector was generated by PCR amplifying mouse zfp111 cDNA from Open Biosystems with primers 5=-TCCCCGGTCGACAGAACAATGACCAAGTTA and 5=-TCCCCGGCGGCCGCTTAAGCGTAGTCCGGAACGTCGTACGG GTAATCGGAAGTGTGAGGCCTGAT, which was then cloned into pCMV-SPORT6 (Open Biosystems) using SalI and NotI. The HA-tagged rat zfp111 expression vector was generated by collecting total RNA from rat 208F cells and converting RNA into cDNA by using a 5=/3= rapid amplification of cDNA ends (RACE) kit (Roche) according to the manufacturer's instructions. The cDNA was amplified by using primers 5=-CG CGGCCGGTCCTTTCTAG and 5=-CCACACTGCTAACCGTGAGGG, and the PCR product was cloned into the pGEM-T vector (Promega). Rat cDNA was subcloned into pCMV-SPORT6 by using primers 5=-TCCCC GGTCGACAGAACGATGACCAAGTTA and 5=-TCCCCGGCGGC CGCTTAAGCGTAGTCCGGAACGTCGTACGGGTAACCGTG CAGGGTTTTTTCTCC and by using SalI and NotI. Mutant zfp111 was generated via site-directed mutagenesis at the target site of r36-2 short hairpin RNA (shRNA) and was accomplished with two sets of primers (5=-AGCGCTACTGGTGCCACGA with 5=-TCGTGGCACCAGTAG  CGGT and 5=-AGCGATATTGGTGCCACGA with 5=-TCGTGGCACCA  ATATCGCT) .
Yeast two-hybrid screen. pEG 202 (developed by Gyuris and coworkers [33] ) was used as the vector to express the LexA-JSRV Env fusion protein. It contains the his3 selectable marker, a yeast 2 origin, an Escherichia coli pBR origin, and a LexA DNA binding domain. These plasmids (containing the Env fusions) were used as bait.
A human HeLa cell cDNA library and also a mouse liver cDNA library were constructed in the transcription activator B42 fusion vector pJG4-5 (33) . Plasmid pJG4-5 contains the TRP1 selectable marker, a yeast 2 origin, and an E. coli pUC origin. Expression of the fusion protein in this plasmid is under the control of GAL1, a galactose-inducible promoter. For the first screen, yeast strain EGY48/pEGLex-JSRV Env was transformed with the HeLa cell cDNA library by the lithium acetate method. Transformants were selected for tryptophan prototrophy in medium lacking uracil, histidine, and tryptophan and containing 2% glucose. All of the transformants were pooled and respread onto synthetic medium (lacking Ura, His, Trp, and Leu) containing 2% galactose for induction. Cells growing on selection medium were retested on synthetic medium (lacking Ura, His, Trp, and Leu) containing 2% galactose (inducing conditions) and 2% glucose (noninducing conditions) to confirm their growth dependence on galactose. Cells growing only on galactose medium were subjected to further characterization. The selected cells were also streaked onto synthetic medium (lacking Ura, His, and Trp) containing 2% galactose or 2% glucose with 5-bromo-4-chloro-3-indolyl-D-galactoside (X-gal) to test for ␤-galactosidase activity. The cells expressing both reporter genes only in the presence of galactose were finally chosen for plasmid isolation. The isolated plasmids were transformed into E. coli K-12 strain KC8 (pyrF::Tn5 hsdR leuB600 tryC9830 lacD74 strA gslK hisB436), and transformants containing the recombinant cDNAs were selected by their growth on M9 minimal medium (containing Thi, His, Ura, and Leu and lacking Trp) containing ampicillin. The plasmids were then isolated from Trp-positive (Trp ϩ ) E. coli transformants and used to confirm the selection results, and cDNA inserts were sequenced in vitro by using the B42 primer (5=-CCAGCCTCTTGCTGAGTGGAGATG).
Immunoprecipitation. HEK 293T cells were seeded at 2 ϫ 10 6 cells in 10-cm dishes overnight and transfected with 14 g each of mouse Zfp111-HA and ⌬GP-FLAG (or pcDNA; 28 g total) by using the CalPhos mammalian transfection kit (Clontech) according to the manufacturer's instructions. Cells were incubated for 48 h prior to cell lysis. Cells were lysed by sonication in 1% NP-40 lysis buffer (50 mM Tris-HCl [pH 8], 150 mM NaCl, 1% NP-40 substitute, and 1 tablet of Complete Mini EDTA Free [Roche]). Lysates were cleared by centrifugation and precleared by adding 50 l of protein A-agarose beads (Roche) to the mixture. Supernatants were incubated overnight at 4°C with 2 l of rabbit anti-HA antibody (Cell Signaling) or with 50 l of anti-FLAG M2 affinity gel (Sigma). An immunoprecipitation (IP) control was done by adding 2 l of normal rabbit IgG (Santa Cruz Biotechnology) to the mixture. The next day, 50 l of protein A-agarose beads was added to samples incubated with rabbit anti-HA antibody or with normal rabbit IgG, and the mixtures were incubated for 4 h. The incubation mixtures were separated into bound (pellet) and unbound (supernatant) fractions by centrifugation in a microcentrifuge for 5 min. After washing of the pellets with lysis buffer, the immunoprecipitated material was eluted from the washed pellets by boiling in 2ϫ Laemmli buffer. Proteins were resolved on 10% SDS-polyacrylamide gels and probed with rabbit anti-FLAG or mouse anti-HA primary antibodies (Cell Signaling) and goat anti-rabbit horseradish peroxidase (HRP) or goat anti-mouse HRP secondary antibodies (Pierce), respectively. Blots were visualized by chemiluminescence with SuperSignal Femto maximum-sensitivity substrate (Pierce).
Zfp111 knockdown and transformation. Construction of the lentiviral shRNA vectors was based on the LVTHm vectors (34) . The sense sequences for the shRNAs used here are as follows: 5=-ACACTGTCTGC AGACTCTG for r27-1, 5=-AGCGCTACTGGTGTCATGA for r36-2, and 5=-CCTAAGGTTAAGTCGCCCT for the scrambled control. Vector stocks were generated by transiently transfecting the vector plasmids along with pCMV-dR.8.74 (HIV gag-pol) and pMD2G (vesicular stomatitis virus [VSV] G protein) helper plasmids into HEK 293T cells, and supernatants were collected after 48 h. The titers of the lentiviral vector stocks were determined by infection of 208F cells, followed by counting of foci of enhanced green fluorescent protein (EGFP) fluorescence (encoded by the LVTHm vector) after 4 days. For transduction with lentiviral vectors, rat fibroblast 208F cells were seeded into 6-well plates at 3 ϫ 10 5 cells per well, and the following day, the cells were incubated with vector stocks at multiplicities of infection of 10 or greater in the presence of Polybrene (final concentration, 8 g/ml) for 24 h. The transduced cells were then trypsinized and seeded for transformation assays.
Transformation assays with transduced 208F cells were performed as follows: 208F cells were seeded at 3 ϫ 10 5 cells in 6-cm dishes and transfected with 5 g of ⌬GP by using Fugene 6 transfection reagent (Promega). In the transformation restoration assay, transduced 208F cells were cotransfected with 5 g each of ⌬GP and either the wild-type (WT) rat zfp111 or mutant shRNA-resistant rat zfp111 expression vector. Cells were examined by phase-contrast microscopy at 4 to 5 weeks, and the number of transformed foci was counted. The numbers of foci relative to those in LVTHm (empty vector)-transduced cells in the same experiment were calculated, and the results from at least three independent experiments were averaged. Statistical analyses for all transformation assays were performed by using Welch's t test.
Zfp111 overexpression and transformation. 208F cells were seeded at 3 ϫ 10 5 cells in 6-cm dishes and transfected by using Fugene 6 with 5 g ⌬GP and up to 5 g of the mouse zfp111 expression vector; pcDNA was added to make the total amount of DNA 10 g. Cells were scored for foci at 4 to 5 weeks as described above.
Quantitative PCR. Total RNA was isolated from cells by using TRIzol reagent (Life Technologies), and 2 g of RNA was digested with DNase I and converted to cDNA by using a qScript cDNA synthesis kit (Quantas) according to the manufacturer's instructions. The resulting cDNAs were diluted to a final concentration of 20 ng/l. Primers for the amplification of target genes are as follows: 5=-GAAGCCATTCAAATGCAATGCAT GCCA and 5=-CTCTGATGGATTTGAAGACTGGACC for rat zfp111, 5=-GAAGCCATTCAAATGCAATGCATGCCA and 5=-GGAGACCAGACC TCTGGCCAAAGG for mouse/rat zfp111, and 5=-CACCAGTTCGCCAT GGATGACGAT and 5=-TCTCTTGCTCTGGGCCTCGTCG for the rat ␤-actin housekeeping gene. Quantitative reverse transcriptase PCRs (qRT-PCRs) were performed by using Power SYBR green PCR master mix with the 7900HT Fast real-time PCR system (Applied Biosystems) according to the manufacturer's instructions. All qRT-PCRs were run in triplicate. The RNA expression levels were determined by both absolute standard curve and relative comparative threshold cycle (C T ) methods: normalization of Zfp111 to the housekeeping gene ␤-actin was done by subtracting the average C T value of Zfp111 from that its ␤-actin control, and the C T change was then calculated by subtracting the C T of the normalized sample from the C T of the normalized LVTHm sample.
Cell proliferation assays. 208F cells (parental or Env transformed) transduced with control or zfp111 shRNA knockdown vectors were seeded at 2.5 ϫ 10 4 cells in 6-cm dishes. The cells were removed from replicate dishes daily by trypsinization, and the number of cells was determined by counting in a hemacytometer, using trypan blue exclusion to score only live cells. Subcellular fractionation. HEK 293T cells were plated at 2 ϫ 10 6 cells in a 10-cm dish. The cells were then transfected with 14 g each of mouse Zfp111-HA and ⌬GP-FLAG (or pcDNA; 28 g total) by using a CalPhos mammalian transfection kit (Clontech) according to the manufacturer's instructions. Cells were incubated for 48 h prior to cell lysis. Cells were collected by directly washing the cells off the plate using a cold 1ϫ phosphate-buffered saline (PBS) solution. One half of the Env-transfected cells were lysed directly with radioimmunoprecipitation assay (RIPA)-SDS lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 1% NP-40, and 0.5% sodium deoxycholate with 1 tablet of Complete Mini EDTA Free protease inhibitor [Roche]) to be used as the total cell lysate fraction. The other half was harvested by centrifugation at 300 ϫ g for 5 min in a 15-ml conical tube, and the cells in the pellet were swelled by incubation in 215 l hypotonic buffer (10 mM HEPES [pH 7.9 at 4°C], 1.5 mM MgCl 2 , 10 mM NaCl) for 10 min at 4°C. The cells were lysed by ϳ50 strokes in a glass Dounce homogenizer with a type B pestle; lysis was monitored by phase-contrast microscopy. The lysate was centrifuged in a 15-ml conical tube at 300 ϫ g for 5 min at 4°C, and the supernatant was taken as the cytoplasmic fraction. The remaining pellet was washed by resuspension in hypotonic buffer and then centrifuged as described above; the supernatant was removed; and the pellet was designated the nuclear fraction. The nuclear pellet was resuspended in ionic and nonionic detergent buffer, solution A (a mixture of 1 part 10% sodium deoxycholate with 2 parts 10% Tween 40). Solution A was added at a ratio of 3:17 to the remaining pellet resuspended in hypotonic buffer. After brief mixing by vortexing, nuclei were repelleted by centrifugation at 300 ϫ g for 5 min at 4°C, and the supernatant was collected and designated the perinuclear fraction. A total of 215 l RIPA-SDS lysis buffer was added to the remaining pellet, which was then sonicated by using a 200-W sonifier (Branson) at 25% power for 5 s. One volume of 2ϫ Laemmli buffer was added to all fractions prior to heating (100°C for 5 min). Ten percent of the total volume from each of the fractions was loaded onto a 10% SDS-polyacrylamide slab gel for electrophoresis; after wet transfer to polyvinylidene difluoride (PVDF) membranes (Bio-Rad), blots were probed or reprobed with primary antibodies to mouse anti-HA, rabbit anti-FLAG, rabbit anti-␤-tubulin, or rabbit anti-lamin A/C antibodies (Cell Signaling Technologies), followed by probing with secondary antibodies (goat anti-mouse HRP and goat anti-rabbit HRP [Pierce], respectively). The blot was visualized by chemiluminescence (SuperSignal West Femto maximum-sensitivity substrate; Pierce).
Endoglycosidase F and chymotrypsin treatment. HEK 293T cells were plated at 2 ϫ 10 6 cells in a 10-cm dish. The cells were then transfected with 14 g each of mouse Zfp111-HA and ⌬GP-FLAG (28 g total) by using a CalPhos mammalian transfection kit (Clontech) according to the manufacturer's instruction. Cells were incubated for 48 h prior to cell lysis. Cells were collected by directly washing the cells off the plate using a cold PBS solution. Total cell lysates in RIPA-SDS lysis buffer were prepared from one half of the transfected HEK 293T cells. The remaining half was incubated with 200 l 0.5% NP-40 lysis buffer and then centrifuged at 300 ϫ g at 4°C for 5 min, and the supernatant was collected as the cytoplasmic fraction. A total of 200 l RIPA-SDS lysis buffer was added to the remaining nuclear pellet, followed by sonication as described above, to give the nuclear fraction. Protein concentrations of each sample were determined by a Bradford assay (Bio-Rad), and up to 20 g of protein from each fraction was digested with endoglycosidase F (Endo F) according to the manufacturer's directions (New England BioLabs). For chymotrypsin digestion, the native or deglycosylated proteins were digested with 0.2 to 0.5 g of chymotrypsin (Promega) in a 20-l total volume for 1 h at room temperature. The entire digests were loaded onto 10% or 15% SDSpolyacrylamide gels, followed by Western blotting and probing with primary antibody (rabbit anti-FLAG) followed by goat anti-rabbit HRP secondary antibody and visualization by chemiluminescence, as described above. Colored PageRuler prestained protein ladder molecular weight protein markers (Fermentas) were run in parallel on the same gels. Western blots were deprobed by incubating the membrane in deprobe buffer (62.5 mM Tris-HCl [pH 6.7], 2% SDS, 0.7% ␤-mercaptoethanol) for 30 min at 55°C, and the buffer was replaced with fresh deprobe buffer and then incubated for another 30 min. Afterwards, the membrane was washed four times with 1ϫ Tris-buffered saline-Tween (TBST) and blocked in 5% nonfat skim milk in TBST.
Characterization of JSRV Env glycosylation. Samples from cells transfected with ⌬GP-FLAG (or cotransfected with mouse Zfp111-HA) were subjected to partial chymotryptic cleavage and then SDS-PAGE and Western blotting for FLAG, as described above. Chymotryptic fragment sizes were determined by first measuring the migration distance for each of the molecular mass markers on each gel, which was then used to generate a semilog graph for that blot. This semilog graph was then used to estimate the sizes of the chymotryptic fragment based on their migration. Since the FLAG epitope was at the C terminus of the Env protein, the sizes of the chymotryptic fragments could be used to estimate the sites of chymotryptic cleavage relative to the C terminus. The size differences between each fragment were deduced and normalized to the known sizes of the JSRV Env, SU, and TM regions. To measure the amount of glycosylation between each chymotryptic site, P70 env or Pr80 env was first treated with Endo F for deglycosylation, followed by partial chymotryptic cleavage to generate deglycosylated chymotryptic fragments. The estimated size of the deglycosylated chymotryptic fragment was subtracted from the estimated size of its corresponding glycosylated chymotryptic fragment. The values shown were the means of values from 4 independent experiments. The N-glycosylation sites on JSRV Env were predicted by using the NetNGlyc 1.0 server prediction program.
RESULTS
Yeast 2-hybrid system screening for cellular proteins that interact with JSRV Env. To identify candidate cellular proteins that interact with JSRV Env, two yeast 2-hybrid screens were performed with bait plasmids containing either the cytoplasmic tail (CT) of Env or full-length JSRV Env, as described in Materials and Methods. In one screen, the bait plasmid was the JSRV Env CT fused to the LexA DNA binding domain, which was stably transfected into cells along with a his3 gene driven by a promoter with LexA binding sites. They were then transformed with plasmids from a cDNA library from human HeLa cells; the cDNAs were fused to the activation domain of B42. Colonies with candidate interacting proteins were identified by growth on medium selective for His expression. In the second screen, the bait plasmid consisted of the entire JSRV Env protein, and the cDNA library was obtained from mouse liver. The candidate interactor proteins are shown in Table 1 . Two candidates were of particular interest based on the strength of the interactions with the bait and isolation of multiple interacting cDNA clones, RRM2 and zfp111. These candidates correspond to the ribonucleotide reductase regulatory subunit and a zinc finger protein with putative transcriptional repressor activity (35) , respectively. Studies on the potential role of RRM2 in JSRV transformation will be reported elsewhere. Currently, there are few reports regarding zfp111 function, especially in the area of cancer. It has been shown that zfp111 contains 19 zinc finger domains as well as a Krüppel-associated box (KRAB) domain, which suggests function as a transcriptional repressor, and it is highly expressed in neuronal tissue (but expressed at a low level in many other tissues) (35) . While Zfp111 was identified as a candidate interacting partner in the screen with the full-length JSRV Env protein, interaction of the zfp111 cDNAs was also found in a subsequent yeast 2-hybrid assay where the bait plasmid contained only the CT domain (not shown). Thus, the putative area of Zfp111 interaction is located in the cytoplasmic tail of the Env TM protein, which is also the crucial domain for Env-induced cell transformation.
Interaction between Zfp111 and JSRV Env in cells. To examine the interaction between Zfp111 and JSRV Env in mammalian cells, an HA epitope-tagged zfp111 expression vector was cotransfected along with a FLAG epitope-tagged JSRV Env expression vector (⌬GP-FLAG, which is a JSRV Env expression vector that has a FLAG epitope tag attached to the C terminus of JSRV Env) into HEK 293T cells, and the total cell lysate was incubated with either anti-FLAG or anti-HA antibody-conjugated agarose beads for coimmunoprecipitation. In Fig. 1 (left, middle three lanes), lysates from HEK 293T cells cotransfected with ⌬GP-FLAG and Zfp111-HA and then immunoprecipitated with anti-FLAG showed that anti-FLAG was able to successfully pull down JSRV Env and also coimmunoprecipitate Zfp111-HA (eluate lane), demonstrating an interaction between Zfp111 and JSRV Env in vivo. The control samples, which included transfection of Zfp111-HA only (Fig. 1 , left three lanes) and cotransfection of ⌬GP-FLAG and Zfp111-HA but immunoprecipitation with normal rabbit IgG (right three lanes), did not show coprecipitation between the two proteins. (Note that for all immunoprecipitations in Fig. 1 , 20 times more eluate was loaded than for the total cell lysate and flowthrough.) As shown in Fig. 1 (right) , the reciprocal coimmunoprecipitation using anti-HA was also successful in immunoprecipitating Zfp111-HA and coprecipitating JSRV Env in the samples that were transfected with both expression vectors. Control cells transfected with ⌬GP-FLAG showed no coprecipitation of Env. Doubly transfected cell lysates immunoprecipitated with only normal rabbit IgG also showed some Env in the eluate, but it was less than that when the lysates were immunopre- cipitated for Zfp111. In fact, two bands of JSRV Env were observed in lysates from cells transfected with both JSRV Env and Zfp111, and only the lower (more rapidly migrating) band of Env was coprecipitated with Zfp111. This lower band is discussed below. Thus, coimmunoprecipitation of JSRV Env and Zfp111 was observed in transfected HEK 293T cells, suggesting an in vivo interaction between the two proteins. Effects of zfp111 knockdown and restoration on JSRV Env transformation. To investigate the potential role of Zfp111 in JSRV Env transformation, lentiviral shRNA vectors containing shRNA sequences targeting different areas of rat zfp111 mRNA were constructed. Lentiviral transduction was chosen since longterm knockdown of zfp111 was needed during the course of in vitro transformation assays (4 to 5 weeks). The control lentiviral vectors (LVTHm and LVTHm-Scrambled) and the shRNA knockdown lentiviral vectors (r27-1 and r36-2) were used to infect rat 208F fibroblasts. The endogenous zfp111 RNA expression levels were analyzed by qRT-PCR, and normalized expression levels relative to those of infection with LVTHm are shown in Fig. 2A . The most effective zfp111 shRNA vector, r36-2, showed a decrease in zfp111 expression levels of 60%, while the r27-1 shRNA vector was less effective. Two more shRNA vectors were tested for zfp111 knockdown efficiency, but they were not effective in decreasing zfp111 expression levels (data not shown).
208F cells stably transduced with the vectors shown in Fig. 2A were transfected with the JSRV Env expression vector ⌬GP and incubated in focus formation assays (23) ; the levels of cell transformation were quantified by counting the number of resulting transformed foci for each cell line. For each experiment, the transfections were performed in triplicate, and the experiments were repeated at least three times. The results from a representative experiment are shown in Table 2 , and Fig. 2B shows the averaged results, expressed as relative efficiencies of transformation relative to that for cells transduced with the empty shRNA vector LVTHm. For cells transduced with r36-2, there was a statistically significant 40% decrease in JSRV Env transformation compared to that in cells transduced with the control LVTHm and LVTHm-Scrambled vectors (Fig. 2B ). Cells transduced with r27-1, which showed less knockdown of zfp111 expression, did not show a significant decrease in JSRV Env transformation. Knockdown of zfp111 resulted in a dose-dependent reduction in JSRV Env transformation, consistent with a role of this protein in transformation.
To test if the reduction in JSRV Env transformation by zfp111 knockdown was specific, the transduced cell lines were also tested in transformation assays with v-mos, an oncogene that does not activate the same signaling pathways as those for JSRV Env (29) . As also shown in Fig. 2B and Table 2 , zfp111 knockdown had no effect on v-mos transformation, particularly in r36-2-transduced cells, where the levels of transformation were similar to those for the LVTHm-transduced cells.
To test if the reduction in JSRV transformation in r36-2-transduced 208F cells was due to knockdown of zfp111 as opposed to an off-target effect, we tested if restoration of zfp111 expression in these cells increased JSRV transformation. 208F cells transduced with r36-2 were cotransfected with a rat zfp111 expression vector containing silent mutations in the r36-2 shRNA recognition site along with the JSRV Env expression vector ⌬GP and incubated in focus formation assay mixtures. Quantitative PCR results showed an increase in zfp111 expression levels compared to those in r36-2-transduced 208F cells (data not shown). As a control, a wildtype (WT) rat zfp111 expression vector was cotransfected with JSRV Env into the transduced cells. As shown in Fig. 3 , r36-2-transduced cells cotransfected with WT zfp111 showed similar levels of Env transformation as those shown in Fig. 2B , with a 50% decrease in transformation compared to that of control LVTHmtransduced cells. When the same cells were cotransfected with the mutant zfp111 plasmid and ⌬GP, there was a 30% increase in transformation. In fact, the relative level of transformation (80%), while lower, was not statistically different from that observed for cells transduced with the control LVTHm vector (no zfp111 knockdown). In cells transduced with the r27-1 knockdown vector, cotransfection with the mutant zfp111 vector did not enhance JSRV Env transformation (Fig. 3) . This was consistent with the fact that the mutant zfp111 expression plasmid contained the mutated shRNA recognition site for 36-2 but not 27-1 shRNA. This indicated a specificity of the restoration of transformation for the 36-2 knockdown cells and further supported the role of Zfp111 in JSRV transformation.
Effects of zfp111 overexpression on JSRV Env transformation. In light of the reduction in JSRV Env transformation after zfp111 knockdown, the effect of zfp111 overexpression on JSRV Env transformation was also analyzed. 208F cells were cotransfected with different amounts of the zfp111 expression vector and constant amounts of the JSRV Env expression vector ⌬GP. The transfected cells were tested for the levels of zfp111 RNA expression by qRT-PCR at 4 to 5 weeks posttransfection, at the time when focus formation assays were scored. As shown in Fig. 4A , increasing amounts of the zfp111 expression vector showed corresponding increases in zfp111 expression levels. The level of zfp111 expression in cells treated with 5 g Zfp111 only was similar to that in cells treated with 5 g Zfp111 plus 5 g Env, indicating that Env expression does not increase zfp111 RNA expression. The transfected cells were plated for transformation assays, and the results are shown in Fig. 4B . Zfp111 alone was not sufficient to induce cell transformation. However, when Zfp111 was cotransfected with JSRV Env, the overall cell transformation levels were higher than those with JSRV Env alone. Furthermore, increasing amounts of Zfp111 showed a dose-dependent increase in transformation levels, with the greatest effect (ca. 2-fold enhancement) being seen for the highest level of Zfp111 (5 g). To test if this increase in transformation was specific to JSRV Env, these (Mass cultures were used to minimize the effects of clonal cell variation in response to ⌬GP transformation.) The levels of transformation for each shRNA vector were normalized to that for control LVTHm-transduced cells (light gray bars). The means and standard deviations were determined in at least three independent assays; the reduction of JSRV Env transformation in r36-2-transduced cells was statistically significant (P Յ 0.05). The same transduced cell cultures were transformed with the v-mos oncogene, and transformation assays were performed under the same conditions (black bars). Focus counts from a representative assay are shown in Table 2 . cells were also cotransfected with v-mos and zfp111. As also shown in Fig. 4B , overexpression of zfp111 had no effect on v-mos transformation levels, indicating that the Zfp111-mediated increase in transformation was specific to JSRV Env. Effects of zfp111 knockdown on cell proliferation. To test if knockdown of zfp111 affected cell proliferation rates (which could influence focus formation assays), growth rates of three cell lines were measured: untransformed parental 208F cells, 208F cells transduced with the scrambled shRNA vector, and 208F cells transduced with the r36-2 zfp111 shRNA vector. In Fig. 5A , the proliferation rates for these three cell lines were compared over 4 days, and their growth rates were comparable, as evident from the similar slopes in the semilog plot. This suggested that knockdown of zfp111 does not affect the growth rates of 208F cells. In Fig. 5B , JSRV Env-transformed 208F cells were transduced with the same two vectors, and the proliferation rates of the resulting cell lines were also measured. Transformed 208F cells and those transduced with the control vector (208F/Env and 208F/Env/Scrambled) showed similar proliferation rates, while transformed cells transduced with the zfp111 shRNA (208F/Env/r36-2) showed decreased proliferation. Thus, in JSRV Env-transformed cells, knockdown of zfp111 resulted in a decreased growth rate, suggesting that the growth of JSRV-transformed cells is influenced by Zfp111.
A faster-migrating form of JSRV Env is observed in HEK 293T cells cotransfected with JSRV Env and Zfp111. As shown in Fig. 1 , cotransfection of JSRV Env ⌬GP and Zfp111 expression vectors into HEK 293T cells led to the appearance of a fastermigrating form of Env. Based on its electrophoretic mobility, this form of JSRV Env (designated P70 env ) was estimated to have a molecular mass of ϳ70 kDa, lower than that of the standard Pr80 env polyprotein (ϳ80 kDa). In addition, P70 env was preferentially coimmunoprecipitated with Zfp111, suggesting that it is this form of JSRV Env that interacts with Zfp111. To characterize this form of JSRV Env, HEK 293T cells were transfected with epitopetagged Zfp111-HA alone, epitope-tagged JSRV Env alone (⌬GP-FLAG), or both. The transfected cells were lysed and also subjected to cell fractionation to determine the intracellular localization of P70 env . Since P70 env was able to bind Zfp111, which is a nuclear protein, it seemed possible that this form of Env may be localized in the nucleus. Western blotting of fractionated cell lysates from cells cotransfected with ⌬GP-FLAG and Zfp111-HA showed that P70 env was found in the total cell lysate at lower levels than Pr80 env , and it was enriched in the nuclear fraction (Fig. 6A) . Moreover, (B) Transfected cultures were incubated in transformation assay mixtures, and transformation levels were determined by counting the numbers of foci. The means and standard deviations were determined from at least two independent assays done in triplicate, and levels were normalized to levels with Env (5 g) alone (gray bars). Equivalent cultures were cotransfected with the v-mos expression vector and different levels of the Zfp111 expression vector, and the results are shown (black bars). 
P70
env was not detected in the cytoplasmic fraction at all, indicating that it is found exclusively in the nucleus.
JSRV Env, like other envelope proteins, is generally considered a cytoplasmic (plasma membrane) protein; this localization is necessary for its incorporation into the viral envelope as particles bud from the cell. Thus, it was somewhat surprising to find P70 env in the nuclear fraction. One possible explanation was that P70 env is found in the perinuclear region of the cytoplasm, which still may allow for interactions between nuclear Zfp111 and P70 env . A second cell fractionation procedure included washing of the nuclei with an ionic/nonionic detergent mixture, to give a perinuclear fraction separate from the rest of the cytoplasm (36, 37) . Western blot analysis revealed that P70 env was found exclusively in the nuclear fraction along with Zfp111 and not in the perinuclear fraction (Fig. 6B) . Low levels of Zfp111 were observed in the cytoplasmic and perinuclear fractions, but this likely did not reflect a relocalization of Zfp111 to the cytoplasm by JSRV Env, since the coimmunoprecipitations shown in Fig. 1 
indicated that Zfp111 binds P70
env (which is in the nucleus) and not Pr80 env (which is cytoplasmic).
It was noteworthy that only the cells transfected with both ⌬GP-FLAG and Zfp111-HA showed readily detectable P70 env . (In some but not all experiments, low levels of P70 env along with high levels of Pr80 env were detected in cells transfected with ⌬GP-FLAG alone [ Fig. 6A ].) At the same time, in cells transfected with Zfp111 only, the Zfp111 signal was much weaker than the signal in ⌬GP-FLAG-and Zfp111-cotransfected cells (Fig. 6A) . This suggested that JSRV Env-HA (P70 env ) binding in cotransfected cells may result in stabilization.
Pr80 env and P70 env differ in glycosylation levels. We next investigated the molecular basis for the differences between Pr80 env and P70
env . Like many plasma membrane proteins, JSRV Env is modified by glycosylation (23, 38, 39) . The size difference between Pr80 env and P70 env could be due to differences in their glycosylation levels, the polypeptide backbones, or both. To characterize the difference between Pr80 env and P70 env , both proteins were deglycosylated by in vitro endoglycosidase F (Endo F) digestion, which removes all N-linked glycosylation from asparagines, the predominant glycosylation in retroviral Env proteins (40) . HEK 293T cells were cotransfected with ⌬GP-FLAG and Zfp111-HA and fractionated into cytoplasmic and nuclear fractions. The cytoplasmic fraction contained exclusively Pr80 env , while nuclei contained P70 env , as described above. Cytoplasmic and nuclear samples (as well as the total cell extract) were incubated with and without Endo F and then analyzed by SDS-PAGE and Western blotting for the FLAG epitope (Fig. 7) . Endo F digestion of Pr80 env (total or cytoplasmic fractions) resulted in its conversion to a protein of 60 kDa, which represented the deglycosylated polypeptide core of Pr80 env . Endo F digestion of P70 env resulted in a comparable band of 60 kDa (nuclear fraction) (Fig. 7) . This result indicated that Pr80 env and P70 env share the same polypeptide backbone but differ in their glycosylation levels.
To determine the differences in glycosylation between Pr80 env and P70 env , we first characterized the regions of Pr80 env that were env is not found in the perinuclear fraction. Transfected cells were subjected to further cell fractionation, generating cytoplasmic, perinuclear, and nuclear fractions. Total cell lysates without fractionation were also collected. The cell fractions were analyzed by Western blotting with anti-HA, anti-FLAG, and lamin A/C plus ␤-tubulin antibodies, as described above for panel A. Names and molecular masses of the observed proteins are indicated on the sides of the blot. Note that in these experiments, the mobilities of all proteins (including nuclear lamins) were slightly retarded in the nuclear samples, perhaps due to the higher-salt conditions used for preparation of the nuclear extracts.
glycosylated. This was accomplished by partial proteolytic cleavage with chymotrypsin combined with deglycosylation by Endo F, followed by size analysis by SDS-PAGE and Western blotting. Zfp111-HA and ⌬GP-FLAG were cotransfected into HEK 293T cells, and a portion of the cytoplasmic extracts (which contained Pr80 env as well as cleaved SU and TM) was partially digested with limiting amounts of chymotrypsin. Some extracts were first treated with Endo F to deglycosylate the proteins and then digested with chymotrypsin. The digests were then analyzed by SDS-PAGE and Western blotting with anti-FLAG antibody. Results of a typical analysis are shown in Fig. 8A . A series of partial proteolytic products of Pr80 env (partial proteolytic product 1 [P1], P2, and P3) was evident in the samples treated with chymotrypsin only as well as the cleaved TM protein. Since the FLAG epitope was located at the C terminus of Pr80 env , only cleavage products containing the C terminus were visualized. As a result, the locations of the chymotryptic cleavage sites along Pr80 env could be calculated from the sizes of the products in the chymotrypsin digests. As also shown in Fig. 8A , a corresponding ladder of partial chymotryptic cleavage products (*) was observed for the samples treated with Endo F first. Comparison of sizes of the cleavage products before and after Endo F treatment could be used to calculate the amount of carbohydrate on each product. Moreover, comparison of the amounts of carbohydrate on successively smaller partial chymotrypic products could be used to infer the amount of glycosylation within regions between two chymotryptic cleavage sites. A similar analysis with a higher-percentage SDS-PAGE gel (12.5% acryl-
FIG 7 Deglycosylation of Pr80
env and P70 env . Total, cytoplasmic, and nuclear fractions from HEK 293T cells cotransfected with 5 g mouse Zfp111-HA and 5 g ⌬GP-FLAG were treated with endoglycosidase F to remove N-linked glycosylation. The treated and untreated fractions were analyzed by Western blotting and probed with anti-FLAG. Names and molecular masses of the observed proteins are indicated on the sides of the blot.
FIG 8 Characterization of glycosylation on Pr80
env . (A) Representative Western blot of the cytoplasmic fraction from HEK 293T cells cotransfected with ⌬GP-FLAG and mouse Zfp111-HA. The sample was treated with Endo F and/or chymotrypsin as indicated, followed by SDS-PAGE and Western blotting for FLAG. The partial chymotryptic fragments are indicated as P1, P2, P3, T1, and T2 in the third lane from the left, with the corresponding fragments after Endo F treatment being marked with asterisks in the far right lane. The two left lanes show the molecular masses of the Pr80 env (Pr) and cleaved TM protein before and after (Pr* and TM*) Endo F treatment. The results from this and other similar experiments were used to estimate the molecular masses of the fragments, as shown in Table 3 . (B) A total cell lysate from HEK 293T cells cotransfected with ⌬GP-FLAG and Zfp111-HA was similarly treated with Endo F and/or chymotrypsin, with the samples being resolved in a higher-percentage acrylamide gel (12.5%) for visualization of smaller chymotryptic fragments from TM. (C) Diagram of Pr80 env glycosylation, with Env being divided into SU and TM regions. Residue numbering begins with the first amino acid of the Env signal peptide; the amino terminus of Pr80 env is located at residue 84. Estimated chymotrypsin cleavage sites are indicated by dotted black lines along with their residue location and the cleavage fragment that they result in. Predicted glycosylation sites are shown as black diamonds. Glycosylations are shown by solid circles, with the sizes being proportional to the amount of glycosylation between the two adjoining chymotryptic cleavage sites, as shown in Table 4. amide) was conducted (Fig. 8B) for the smaller fragments resulting from digestion of the TM protein. Table 3 shows results of the size analysis of the partial chymotrypic cleavage products (with and without Endo F treatment) for Pr80 env . Overall, there was an average of 24 kDa of glycosylation on Pr80 env based on the size difference between glycosylated and deglycosylated Pr80 env . Each subsequent fragment showed a decrease in glycosylation levels. Predicted N-linked glycosylation sites and the major chymotryptic cleavage sites are indicated in Fig. 8C . The estimated glycosylation levels between each chymotryptic cleavage site of Pr80 env are also shown in Fig. 8C , and the amount of glycosylation between each chymotryptic site is shown in Table 4 . Comparisons of the sizes of the partial chymotryptic products with and without Endo F indicated that there were glycosylation sites in the SU region of Pr80 env between residues 84 and 133, 134 and 224, and 225 and 253 (Fig. 8C) . The amount of glycosylation between residues 84 and 133 was estimated to be ϳ7 kDa, that between residues 134 and 224 was ϳ3 kDa, and that between residues 225 and 253 was ϳ3 kDa (Table 4) . Between residues 225 and 253, there were no predicted glycosylation sites (N-X-S/T, where X is any amino acid [41] ), although there is an asparagine at residue 248 (N248). For the TM protein, there was an estimated ϳ12 kDa of total glycosylation. Analysis of the chymotryptic fragments from TM (T1/T1* and T2/T2*) indicated that there were ϳ3 kDa between residues 413 and 422 and ϳ6 kDa between residues 443 and 615. In principle, this could indicate ϳ3 kDa of glycosylation between the amino terminus of TM and residue 413, but there are no asparagines in this region. It seems most likely that all of the TM glycosylation sites are downstream of residue 413; the difference in 12 versus 9 kDa of glycosylation (calculated for TM/TM* versus T1/ T1*) is within the limits of error for this analysis. In any event, this analysis indicated that glycosylation in Pr80 env is distributed across both the SU and TM regions.
The identification of glycosylation sites and determination of levels of P70 env were conducted similarly and are shown in Fig. 9 and Table 5. P70 env was found to have 5 partial chymotryptic cleavage sites, NP1 to NP5, based on the digestion of P70 env (Fig.  9A) . However, the NP1 and NP2 fragments were not readily resolved by SDS-PAGE after P70 env had undergone deglycosylation and chymotrypsin digestion. On the other hand, NP3 to NP5 
a HEK 293T cells cotransfected with ⌬GP-FLAG and Zfp111 were lysed, and portions of the cell lysate fraction containing Pr80 env (cytoplasm) were treated with chymotrypsin (Chymo) only or chymotrypsin with Endo F, as described in Materials and Methods, and analyzed by SDS-PAGE and Western blotting for FLAG, as shown in Fig. 8A and B. Glycosylation levels for each partial chymotryptic fragment were calculated by measuring the size difference between the glycosylated fragment (chymotrypsin only, e.g., P1) and its respective deglycosylated counterpart (chymotrypsin plus Endo F, e.g., P1*). The values shown are the mean molecular masses and standard deviations from at least 2 independent experiments. All values were rounded to the nearest whole number and are given in kilodaltons. Pr, full-length polypeptide; T1, transmembrane fragment 1. a The locations of each partial chymotryptic cleavage site were calculated from the lengths of the FLAG-tagged fragment shown in Fig. 8A and B as well as examination of the Env sequence for predicted chymotryptic sites. This was possible because the FLAG tag was located at the C terminus of all detected fragments. Thus, Pr80 env could be divided into different regions delineated by the cleavage sites. The residues are numbered from the beginning of the Env reading frame; after cleavage of the signal peptide, the amino terminus of Pr80 env is located at residue 84. The amount of glycosylation between chymotryptic cleavage sites was estimated by subtracting the glycosylation levels (Table 3 ) of the smaller fragment from the immediately larger fragment, shown here in parentheses next to the residue ranges. All values are rounded to the nearest whole number and are shown in kilodaltons (see Fig. 8C for a graphical representation of the results).
FIG 9 Glycosylation on P70
env . (A) Representative Western blot of the nuclear fraction from HEK 293T cells cotransfected with ⌬GP-FLAG and mouse Zfp111-HA. The fraction was treated with Endo F and/or chymotrypsin and analyzed as described in the legend of Fig. 8A , with the fragments after Endo F treatment having an asterisk next to their names. The nuclear fraction was highly enriched for P70 env (NP) (left lane), although a small amount of Pr80 env was also present. Five partial chymotrypic products, NP1 to NP5, were consistently observed. Some glycosylated P70 env remained after Endo F digestion. The deglycosylated forms of NP1 and NP2 consistently were not resolved, but NP3 to NP5 were (fourth lane). The calculated molecular masses of the chymotryptic fragments from two independent treatments are shown in Table 5 .
(B) Diagram of P70
env glycosylation analogous to that described in the legend of Fig. 8B for Pr80 env . The calculated levels of glycosylation for different regions of P70 env are shown in Table 6 .
could be resolved and were found to be the same size before and after Endo F treatment, suggesting that in the region from the cleavage site giving rise to NP3 (residue 215) to the C terminus of P70 env , there was no glycosylation. Based on Endo F treatment, P70
env had a total of 10 kDa of glycosylation that was apparently located between residues 84 and 215 (Table 6 and Fig. 9B ). Compared with Pr80 env , P70 env appears to be glycosylated only at the N terminus of the polypeptide, while Pr80 env has glycosylation spread across the protein. It should also be noted that nuclear fractions reproducibly showed no TM protein. This indicated that P70 env is not cleaved into TM (or its unglycosylated version), which would be consistent with the exit of P70 env from the endoplasmic reticulum (ER) prior to transport into a compartment containing furin protease.
DISCUSSION
In this study, we sought to identify cellular proteins involved in transformation by JSRV Env. Through yeast 2-hybrid screening, we identified candidate proteins that interact with either the JSRV Env cytoplasmic tail or the whole Env protein, and Zfp111 was studied here. Pulldown experiments confirmed that Zfp111 interacts with JSRV Env in cells, and knockdown of zfp111 resulted in a reduced efficiency of JSRV transformation in rat 208F cells. Conversely, overexpression of zfp111 enhanced JSRV Env transformation. The role of Zfp111 appeared to be specific for JSRV Env transformation, since transformation by the v-mos oncogene was not affected by alterations in Zfp111 levels. While knockdown of zfp111 did not affect the growth rate of normal 208F cells, knockdown in JSRV Env-transformed cells resulted in a reduction of the growth rate, suggesting that JSRV Env-transformed cells have become dependent on Zfp111 for growth. In addition, a faster-migrating form of JSRV Env was found in the nucleus, particularly when Zfp111 was coexpressed in cells. This nuclear form of Env, P70 env , shared the same polypeptide backbone as the standard cytoplasmic Env polyprotein precursor Pr80 env but differed in the extent of glycosylation. The regions of glycosylation for both Pr80 env and P70 env were mapped. In fact, it was P70 env that coimmunoprecipitated with Zfp111, and the interaction appeared to stabilize both proteins.
Zfp111, also known as rKr2, was originally identified as a Cys2/ His2 zinc finger protein with 19 zinc fingers in the C-terminal domain (42) . It is a member of the Krüppel family of zinc finger proteins, characterized by the presence of a Krüppel-associated box (KRAB) (43) . Like other KRAB-containing zinc finger proteins, Zfp111 contains an amino-terminal KRAB domain that for other KRAB proteins confers transcriptional repression activity (43) . In adult rats, Zfp111 is localized in the nucleus in oligodendrocytes (42) , and zfp111 RNA is expressed at the highest levels in oligodendrocytes of the cerebellum/spinal cord and in testis, but it is also found at lower levels in liver, spleen, and lungs (35, 42) . Target genes for Zfp111 have not been identified, although it has been suggested that it plays a role in oligodendrocyte differentiation from neuronal stem cells (42) . In general, Krüppel family zinc finger proteins have roles in cell differentiation, proliferation, and tumorigenesis (44) . Several lines of evidence supported a role for Zfp111 in JSRV Env transformation. First, knockdown of endogenous zfp111 expression by transduction with a lentiviral shRNA vector significantly reduced JSRV Env transformation in rat 208F cells. Moreover, cotransfection of a shRNA-resistant zfp111 expression plasmid partially restored JSRV Env transformation in zfp111 knockdown cells (Fig. 3) . While statistically significant, the reduction in transformation in Zfp111 knockdown cells was modest (ca. 50%), which was correlated with the partial zfp111 knockdown by the most efficient lentiviral plasmid available, r36-2 (ca. 50 to 65%). Many viral oncogenes transform cells by interacting with multiple cellular proteins, and interruption of individual interactions could reduce transformation without abolishing it (45) (46) (47) . Second, overexpression of zfp111 enhanced JSRV Env transformation. Third, while knockdown of zfp111 did not affect the growth rate of parental rat 208F cells, knockdown in JSRV-transformed cells reduced the growth rate. This indicated that JSRV-transformed cells became dependent on Zfp111. Moreover, the role of Zfp111 in transformation was specific for JSRV Env, since transformation by the viral oncogene v-mos (which does not activate signaling through PI3K-Akt and Ras-Raf-MEK [29, 31, 48, 49] ) was not affected by either the knockdown or overexpression of Zfp111. The fact that v-mos transformation was not affected in cells transduced with the r36-2 knockdown vector also indicated that the reduction in JSRV Env transformation was not due to general or off-target effects.
When Zfp111 was first identified as a candidate interactor with JSRV Env, a role in transformation was challenging to conceive, since Zfp111 is a nuclear protein and Env was considered to be cytoplasmic. The findings of the stabilization of Zfp111 by Env binding and of the appearance of nuclear Env after Zfp111 binding raise several possible mechanisms. First, Zfp111 could chaperone Env to the nucleus, where Env could cause transformation (Tables 2 and 3 and Fig. 9A ). Glycosylation levels for each fragment were calculated by measuring the difference in the size the glycosylated fragments and the size of their respective deglycosylated counterparts. The numbers shown are the mean molecular masses from two independent treatments. All values were rounded to the nearest whole number and are given in kilodaltons. NP, full-length polypeptide; NP1, polypeptide fragment 1. in conjunction with other proteins. Second, nuclear Env could modify the activity of Zfp111 so that the latter protein induces transformation. A third possibility is that cytoplasmic Env relocalizes a portion of Zfp111 to the cytoplasm, where it is involved in transformation; however, we have not detected cytoplasmic relocalization of Zfp111 by either immunofluorescence or cell fractionation (T. Hsu and H. Fan, unpublished data). It should be noted that overexpression of Zfp111 in the absence of JSRV Env does not result in transformation (Fig. 4) , so JSRV is not transforming cells simply by enhancing levels of Zfp111.
One question is how P70 env enters the nucleus while Pr80 env does not. The facts that both of these proteins are glycosylated and that they share polypeptide backbones indicate that they both are initially translocated into the ER during translation. One possibility is that a portion of the Env polyprotein destined to become P70 env associates with a cellular protein(s) that directs it to the nucleus. Zfp111 would be a prime candidate for such a protein since it binds and appears to stabilize P70 env in cotransfections, and it is a nuclear protein. However, it is currently unclear if or how Zfp111 can enter the ER, which would be required for it to conduct P70 env to the nucleus; nevertheless, the coimmunoprecipitation and stabilization experiments clearly indicate that these two proteins interact in some compartment within the cell. Alternatively, it is possible that some other cellular protein directs P70 env to the nucleus, where the observed binding with Zfp111 (and stabilization) takes place. Another possibility could be that the Env polyprotein contains a nuclear localization signal (NLS) that directs a portion of it to the nucleus (P70 env ), with the remainder continuing through the ER to the plasma membrane (Pr80 env ). It is noteworthy that the JSRV Env coding sequences also specify a regulatory protein, Rej, in the signal peptide (50) (51) (52) . Rej regulates unspliced viral RNA translation and nuclear export, analogous to the murine mammary tumor virus (MMTV) Rem protein and the HIV-1 Rev protein (53) (54) (55) (56) . Indeed, Rej carries a NLS; however, as a signal peptide, it is cleaved from the Env polyprotein precursor during translation, so its NLS is not likely to be present in P70 env or Pr80 env . While scanning of the P70 env protein sequence did not reveal an obvious NLS (T. Hsu, unpublished data), it is possible that there is a cryptic NLS. Perhaps differential (lower) glycosylation of P70 env exposes a cryptic NLS in those molecules destined for nuclear import, while it is shielded in fully glycosylated Pr80 env , which is transported to the plasma membrane for incorporation into viral envelopes. A related question is how P70 env gains access from the ER (where it is glycosylated) to the cytosol, from where it is presumably imported into the nucleus. In the case of the MMTV Rem protein, the ER-associated protein degradation (ERAD) pathway is responsible for retrotranslocation of this protein (the signal peptide of the MMTV Env polyprotein) from the ER back to the cytosol (57) . The normal function of ERAD is to transport misfolded proteins (marked by ubiquitination) from the ER back to the cytosol for proteosomal degradation; it seems possible that, like MMTV Rem, JSRV P70 env could be transported back to the cytoplasm by this mechanism without degradation. In mammalian cells, misfolded proteins are targeted to the ERAD pathway following the removal of 3 to 4 mannose residues by ER processing alpha 1,2-mannosidase (ER ManI) (58) (59) (60) (61) . P70 env could be a misfolded version of Env (or at least appears to be misfolded to the ERAD machinery) that becomes more abundant in cells that are cotransfected with Zfp111. After partial mannose removal, misfolded Env (P70 env ) would enter the ERAD pathway to escape to the cytoplasm, where it would be transported back into the nucleus by a yet-to-be-identified chaperone protein.
Future experiments will be needed to map the exact locations of the glycosylation sites on Pr80 env and P70 env as well as to characterize glycosylation on these two proteins. To identify sites of glycosylation, mutations in putative glycosylation sites could be generated and evaluated for glycosylation levels in both Pr80 env and P70
env . An early attempt has been made to verify the putative glycosylation sites on JSRV Env via site-directed mutagenesis (Hsu, unpublished). Ultimately, other techniques such as mass spectrometry in conjunction with digestions with proteases and glycosidases could be used to further characterize the nature of glycosylation on Pr80 env and P70 env , but they are beyond the scope of this study.
As a cytoplasmic protein, JSRV Env was previously thought to induce cell transformation by the activation of growth signaling pathways in the cytoplasm. The identification of nuclear Zfp111 as a JSRV Env-interacting protein that is important for JSRV transformation was unexpected, and the additional finding of a nuclear version of JSRV Env was even more surprising. The identification of nuclear P70 env and its interaction with nuclear Zfp111 in transformation indicates that the mechanism of JSRV Env transformation may extend beyond cytoplasmic signaling pathways and into the nucleus. One model could be that P70 env sequesters Zfp111 into an inactive complex, relieving its putative transcriptional repression. However, this would not be consistent with the fact that overexpression of Zfp111 enhances JSRV transformation. This rather might suggest that P70 env converts Zfp111 from a repressive protein to one that activates transcription or some other function contributing to cell transformation.
The transformation experiments conducted in this study were performed on rat 208F fibroblasts. This was done because the yeast 2-hybrid screen identified mouse zfp111 as the interacting protein, and mouse and rat zfp111 are highly related. Rat 208F cells are a robust system for transformation, with very low (no) background. Ultimately, it would be desirable to investigate if this interaction is important for tumorigenesis in the natural target of JSRV, ovine lung epithelial cells. To accomplish this, the ovine orthologue of zfp111 must be identified, and a quantitative system for transformation of ovine lung epithelial cells must be developed. As an intermediate step, it will be important to determine if the ovine zfp111 orthologue is expressed in lung epithelial cells.
Shortly before this work was submitted, a related study was accepted for publication in this journal. Monot et al. (62) also used a yeast 2-hybrid screen and identified a different JSRV Env-interacting protein, Ral binding protein (RalBP1). They also showed that RalBP1 interacts with JSRV Env in cells and that it is important for transformation by modulating signaling through mTOR/ p70S6K. It would seem to be acting independently of the EnvZfp111 interaction described here. Thus, as mentioned above, JSRV Env likely causes transformation through interactions with multiple cellular proteins. performed in this study. We acknowledge support from the Optical Biology shared resource of the UCI Chao Family Comprehensive Cancer Center and the UCI Cancer Research Institute.
